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The past several years have seen the remarkably rapid development of next-generation sequencing technologies (Morozova and Marra 2008) . Moreover, there has recently been a surge of interest in the application of these new technologies to topics in evolutionary ecology (Ellegren 2008; Hudson 2008; Rokas and Abbott 2009; Lerner and Fleischer 2010; Wheat 2010) , in large part because there is the potential to address long-outstanding questions in innovative ways. In particular, a promising application with broad utility is the prospect of rapidly identifying molecular markers, including microsatellites and single nucleotide polymorphisms, from sequence data (Table 1) .
In this respect, Roche 454 pyrosequencing (R454) holds great promise, particularly for ecological model organisms (by which we mean focal species within evolutionary ecology). R454 provides read lengths that are often long enough to contain genetic information of interest within a single read. With new titanium-based chemistry, R454 can now (summer 2010) generate 100 Mbp of sequence data per run, with read lengths reaching 400-500 bp and expected to reach 1000 bp in the near future. Thus, there is increasing likelihood that a single read will contain microsatellite repeats along with suitable flanking regions of unique sequence. Other approaches to mining molecular markers in silico have also been successful (e.g., deriving markers from a draft genome, Ferrucho et al. 2009 ; mining existing expressed sequence tag libraries, Pan et al. 2010) . However, generating new markers from R454 data offers several advantages over both traditional library-based approaches and other in silico methods. Compared with traditional approaches, deriving genetic markers via R454 is faster, less costly, and less technically demanding. Sample preparation can be as simple as extracting genomic DNA, and there is an abundance of user-friendly software available for repeat detection (reviewed by Sharma et al. 2007; Merkel and Gemmell 2008) . These features make marker detection easily accessible both for laboratories with modest experience in molecular biology and for organisms with few existing genetic resources. Another advantage is the wealth of genetic information that R454 provides, yielding the possibility of future value for the data.
We used R454 pyrosequencing to identify microsatellites markers in the water strider Gerris incognitus, an ecological model organism for studies in sexual conflict and mating behavior (Rowe et al. 1994) . We report the successful development of 10 polymorphic primers, test their crossamplification in a related species, and survey other studies to examine typical success in microsatellite development using R454. Although the successful development of microsatellites via R454 has been reported for several vertebrates, there have been only 2 examples in insects and none from the Hemiptera ( Table 1 ). Given that insect taxa vary substantially in the ease of microsatellite isolation (Zhang 2004; Arthofer et al. 2007 ) and that some genetic techniques have proved difficult to apply to water striders (Damgaard 2008) , this study provides a test case for a new insect order.
Materials and Methods

Sample Preparation and 454 Pyrosequencing
Gerris incognitus water striders were collected from Laughlin Lake (British Columbia, Canada; 48.948365, À123.502679) and stored in 95% ethanol. Voucher specimens have been deposited at the Royal Ontario Museum (Toronto, Canada). DNA was extracted from strider leg muscles following the Gentra Puregene Tissue Protocol (Qiagen, Valencia, CA). We assessed DNA quality by spectrophotometric absorbance and electrophoresis on a 1% agarose gel.
We pooled 5 lg of DNA from 5 apterous individuals for a quarter plate of sequencing on a Roche 454 GS FLX sequencer with titanium chemistry (McGill University and Génome Québec Innovation Centre, Montréal QC).
Selecting Markers
We used the program Exact Tandem Repeat Analyzer 1.0 (E-TRA, Karaca et al. 2005 ; available from ftp:// ftp.akdeniz.edu.tr/) to identify reads and contigs containing microsatellite repeats. Our criteria were a minimum of 5 repeats for simple motifs or 3 repeats for complex or imperfect repeats and a motif length from 2 to 10 bp. Of the reads identified, we selected a subset that had both a minimum of 8 repeats and a maximum homopolymer of 3 nucleotides within the repeat motif. We checked these reads for suitable primers using Primer3 (v. 0.4.0; Rozen and Skaletsky 2000) and used the following criteria to identify loci with a good likelihood of reliable amplification: GC content . 30%, final product length 150-300 bp, primer length 18-25 bp, a maximum homopolymer of 5 nucleotides within the primer sequence, and maximum difference in melting temperature between paired primers of 3°C. Of the loci that met these criteria, we synthesized 23 for further testing.
Testing Markers
During primer synthesis, we labeled the reverse primers with an additional sequence that was complementary to a separate M13 sequence, which we tagged with a fluorescent dye (FAM, NED, PET, or VIC; Schuelke 2000). We evaluated each locus using DNA samples from 10 individuals in polymerase chain reactions (PCRs) using these cycling conditions: an initial denaturing for 4 min at 94°C; 34 cycles of 94°C for 15 s, the primer-specific annealing temperature for 25 s, and 72°C for 25 s; and a 10 minute final extension at 72°C to maximize adenylation (thermal cycler: Bio-Rad MyCycler v. 1.065, Hercules, CA). The annealing c Existing 454 sequence data from 12 runs were accessed for this study.
temperature for the final 8 of the 34 cycles was decreased to the annealing temperature of the M13 primer (50°C; Schuelke 2000). The total reaction volume was 12.5 ll and consisted of 1Â ThermoPol buffer (New England BioLabs, Beverly, MA), 0.2 mM of each dNTP, 0.5 units of Taq DNA polymerase, 3.0 pmoles each of the forward primer and the dye-labeled M13 oligo, 1.0 pmoles of the reverse primer (Schuelke 2000) , and ;100 ng of DNA. We calculated an initial annealing temperature for each primer pair based on the T m for each primer and adjusted accordingly if this initial temperature generated multiple bands or did not amplify with all samples. Each PCR was run with a negative and positive control.
The PCR products were visualized by electrophoresis on a 2% agarose gel. Some loci did not initially amplify for all samples or yielded double or faint bands. In these cases, we adjusted PCR conditions, and if the outcome remained inconsistent, we excluded the locus from further testing. For the remaining loci, we conducted reactions with an additional 16 DNA samples and genotyped the total of 26 samples on an ABI 3730 xL DNA Analyzer (Applied Biosystems, Foster City, CA) through the Centre for Applied Genomics (Toronto, Canada). The samples were multiplexed for genotyping by pooling samples tagged with different dyes within a well.
We assessed the reliability of the primers by repeating the amplification and genotyping for 27 of the samples (10.4%). We tested the potential for cross-amplification using 5 DNA samples from a congener, G. buenoi. To assess whether the loci were located near a coding sequence, we used each locus sequence in basic alignment search tool (BLAST) searches (v. 2.2.23; Zhang et al. 2000) against the pea aphid (Acyrthosiphon pisum) and fruit fly (Drosophila melanogaster) genomes, using an E value cutoff of 10 À5 . We tested for evidence of deviations from HardyWeinberg equilibrium, genotyping errors, null alleles, and large allele dropout using MICRO-CHECKER v. 2.2.3 (van Oosterhout et al. 2004 ). We tested for linkage disequilibrium between each pair of loci using GENEPOP 4.0.10 (Rousset 2008) .
Results
Pyrosequencing
The R454 sequencing run yielded 61.4 Mbp of data and 182 912 reads of average length 369 bp, with 30 820 reads (16.8%) containing microsatellite repeats (Table 1 ). In total, 23 318 reads contained a simple perfect repeat, whereas 11 449 contained a compound or imperfect repeat; 3947 contained more than one repeated sequence. The GC content for all reads was 32.08%, within a range commonly observed for insects (e.g., Archak et al. 2007) .
Within the reads containing simple repeats, dinucleotides dominated (88.5%; Supplementary Table S1 ). The largest motif class-decanucleotides-was present at very low frequency (0.02%). A sizeable fraction of the simple repeats contained a large number of repeats, with at least 24 repeats occurring in hundreds of dinucleotides and several trinucleotides and tetranucleotides (Supplementary  Table S1 ). Among the nonsimple repeats, the majority were imperfect repeats (85.6%) and a smaller fraction were compound repeats (8.6%) or extended compound repeats (5.8%).
Microsatellite Development
We selected 23 microsatellite loci to synthesize and test. Of these, 16 amplified with most of the samples tested (judging by the presence of bands on an agarose gel). Of these 16, 5 gave multiple bands or faint bands and were not considered further. Of the remaining 11, 10 could be easily genotyped. All 10 displayed polymorphism ( Table 2 ). The average number of alleles per locus was 6.1. Expected heterozygosities ranged from 0.13 to 0.81 (5 0.58, standard deviation [SD] 5 0.25) and observed heterozygosities from 0.14 to 0.75 (5 0.49, SD 5 0.20).
There was no evidence of large allele dropout or genotyping errors due to stutter peaks. One locus (Gi38) showed homozygote excess (deviation from HardyWeinberg equilibrium, P , 0.01; Table 2 ) and therefore evidence of a null allele with an estimated frequency of 11.5%. There was no evidence of linkage disequilibrium (GENEPOP: P values for each pairwise population comparison .0.05). Genotyping was quite consistent: all 27 samples tested twice yielded the same genotype. BLAST searches did not detect matches between these 10 microsatellite sequences and 2 insect genomes (all E values .10 À5 ), thus providing no evidence that the microsatellites are located near coding regions.
Eight loci amplified with G. buenoi DNA (Gi20, Gi31, Gi36, Gi38, Gi43, Gi56, Gi57, Gi71), whereas 2 did not (Gi69, Gi72).
Discussion
This study joins a handful of others, now across a broad range of taxa (Table 1) , that have successfully employed random pyrosequencing to generate numerous polymorphic microsatellites. Our study is the first of these to take advantage of R454 titanium chemistry. This new chemistry allows longer read lengths, reflected in the longer average read length in our data compared with previous studies (Table 1) . Along with increasing the probability of detecting microsatellite repeats and suitable primers within a read, longer reads increase the likelihood of detecting loci with more repeats, which are expected to be more polymorphic (e.g., Lai and Sun 2003) . Comparing the number of loci detected across studies is difficult because genomes vary substantially in their frequency of microsatellites; however, the number of loci detected here was similar to or higher than other studies (Table 1) . In all these studies, the number of microsatellites detected is most likely inflated by the occurrence of multiple reads covering the same sequence. The frequency with which this occurs will be influenced by genome coverage and is expected to be low for many genome sizes and read lengths (see Castoe et al. 2010 ).
The advantages of generating microsatellites by pyrosequencing were realized in this study. We were able to locate loci rapidly and with decreased costs (ca. $4500) compared with outsourcing a traditional library-based approach ($10 000 to $15 000); moreover, costs of R454 continue to drop, along with improvements in read lengths which mean that less coverage will be required to achieve a similar microsatellite output. A further advantage to R454 is that many loci are detected, allowing the targeted selection of loci most likely to amplify and exhibit polymorphism. A relatively high proportion of the 23 loci we tested amplified successfully, and all those that amplified proved to be polymorphic (Table 2) .
There are, however, potential difficulties to marker detection by pyrosequencing. One risk is the failure to detect any useable loci. Although published studies have reported success (Table 1) , it is possible that unsuccessful attempts are not reported; still, the fact that even very low coverage can generate dozens of loci (e.g., Rasmussen and Noor 2009) suggests that this risk may be low. A related risk is the failure to detect loci with sufficient polymorphism (e.g., when sequencing individuals from populations that have experienced a recent bottleneck, Wheat 2010); however, a recent study detected polymorphic loci for even an endangered species with reduced genetic diversity ). Another concern is the potential for slippage errors in homopolymeric sequences with R454 (Hudson 2008) . However, often the number of reads containing microsatellite repeats will be large enough to allow the selection of loci without extended homopolymers.
Obtaining genetic markers through pyrosequencing offers exciting possibilities for further applications, including the identification of markers for extinct organisms (e.g., Allentoft et al. 2009 ) and developing microsatellites for multiple species in a single sequencing run (see Binladen et al. 2007 ). It may also be possible to use R454 to identify microsatellites that are linked to coding sequence in a reference genome, by submitting R454 data to bulk BLAST searches. Although microsatellites are rarely found in coding sequence, they more regularly occur in intron sequences (Li et al. 2002) , and the large numbers of microsatellites from R454 increase the odds of a match. Finding such loci would yield genetic markers potentially linked to functional loci of interest and may provide information on the location of the microsatellite within the genome.
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